Abstract
Introduction
The reinforced soil concept is essentially based in the mobilization of inter facial shearing resistance between the soil and reinforcement which in turn restrains the lateral deformation of the soil. For this purpose, a variety of materials are being used as reinforcing materials such as metallic elements and/or geosynthetics [1] . Further, in India, the production of coir fibres from the husk of the coconut is the largest and about 13000 million nuts are annually harvested. Out of the total production of nuts annually, less than 25% are used industrially. The remaining husk obtained from the nuts either becomes garbage or are dried and burnt as fuel in India [1] . This destruction of a potentially useful material is due to lack of alternate uses of coir fibres. On the other hand, civil engineers around the world are constantly in search of alternate materials which are required for cost effective solutions particularly in developing nations. In this regard, the coir fibres may offer a variety of soil reinforcement applications. This paper presents the results of the effect of treated coir fibres on the shear strength behaviour of the clay for application in short-term stability-related problems.
Background
Coir is a biodegradable organic fibrous material containing 40% lignin and 54% cellulose [2] . Coir is useful in different applications as reinforcing material in soil due its high lignin content [5] . Many researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have shown that coir fibre reinforcement can significantly improve the engineering properties of soil. But the presence of the pectins, lignin, hemicellulose, silica and pith on the surface of these fibres results in poor interaction with the soil [3] . Significant increase in strength parameters and stiffness of sand reinforced with coir fibres was reported by [2] . The dimensional and mechanical properties of coir fibres as a function of fibre length were investigated by [4] . The behaviour of sand reinforced with coir fibres and Geotextiles was similar to that observed with synthetic fibres and meshes [1] . The strength and stiffness of tropical soil were increased with the inclusion of discrete coir fibres of about 1 -2% by weight [5] . The coir fibres have good strength and resistance to bio-degradation over a long period of time [6] . The uncon-fined compressive strength of black cotton soil reinforced with bitumen coated coir fibres shows marginal variation in strength as compared to uncoated coir fibres [7] . Numerical simulation of triaxial tests on coir fibre reinforced clay was conducted by [8] . The results of the tests and the model were quite comparable. The unconfined compressive strength test and unconsolidated undrained triaxial test on low compressible clay reinforced with coir fibres were reported by [9] . The results of the unconfined compressive strength test with the addition of 30 mm and 15 mm long coir fibres to the clay indicated a decrease and an increase in its unconfined compressive strength, respectively. It was further mentioned in this study that length of fibre is a significant factor that influences the strength of fiber-reinforced soils. The effect of treated coir fibres on the unconfined compressive strength of clay was conducted by [10] . However, hardly any literature is available to study the effect of treated coir fibres on the shear strength behaviour of clay. In the present work, the effect of treated fibres on the shear strength behaviour of locally available clay is studied. The coir fibres used for reinforcing the clay are (i) untreated (ii) treated prior to use with NaOH (iii) treated prior to use with CCl 4 . The stress-strain response in various cases are plotted, compared and discussed for possible use to solve short-term stability-related problems.
Materials used and Experimental Procedure
The clay used in this study was collected from a place near Hamirpur (31.63°N, 76.52°E), Himachal Pradesh, India. The clay had a specific gravity of 2.67, a liquid limit of 23.1% and a plastic limit of 11.1%. The maximum dry unit weight and optimum moisture content were 18.6 kN/m 3 and 12%, respectively, and were determined as per [11] . It was classified as clay of low compressibility as per Unified Soil Classification System. The coir fibres were obtained from the coir rope made of brown coir and is shown in Fig. 1(a) . The yarns of the coir ropes were separated and the fibres were cut in the length of 15 mm (Fig. 1(b) ) and the fibres were separated ( Fig. 1(c) ) and separated fibres are shown in Fig. 1(d) . The properties of these coir fibres are shown in Table 1 . The coir fibres obtained as shown in Fig. 1 (d) was treated with sodium hydroxide solution and CCl 4 solution for 24 hours. The chemical treatment of coir fibres was carried out according to the procedure reported by [12] . Thus, coir fibres were dipped in chemical for one minute in order to study the effect of chemical on the water absorption. Whereas, in the present study, the coir fibres used were longer dipped (24 hours) in NaOH and CCl 4 in order to remove impurities on the surface of coir fibres. After 24 hours, the fibres were removed from the beaker and allowed to dry at room temperature (27 0 ± 2 0 ) for a week. This is required for the conditioning of coir fibres before use. The concentration and composition of chemicals used for the treatment of coir fibres are given in Table 2 . The SEM image of untreated coir fibres and NaOH and CCl 4 treated coir fibres reported by [10] reveals that pectins and other impurities are present on the surface of untreated coir fibres which get removed and pits and surface irregularities become quite visible when untreated fibres were treated with NaOH and CCl 4 . It was further reported in [10] that the formation of pits and clarity of surface irregularities is better for the CCl 4 treated coir fibres as compared to NaOH treated coir fibres. The cause for this is attributed to better surface cleaning properties of CCl4 as compared to NaOH. A series of consolidated undrained tests were conducted on the pure clay and clay reinforced with the untreated/treated coir fibres at varying contents. All the specimens were prepared corresponding to optimum moisture content and dry unit weight. The dry unit weight and optimum moisture content of unreinforced as well as reinforced clay samples were performed using a standard proctor test. The corresponding values of dry unit weight and optimum moisture content are shown in Table 3 . The consolidated undrained test on samples was carried out in accordance with [14] . The soil samples for triaxial tests were prepared using a metallic mould of 38 mm inner diameter × 76 mm length with detachable collars. For reinforced soil specimens, the fibres were added as a percentage of the dry weight of the clay. The specimens were made with fiber contents of 0.4%, 0.8% and 1.6%. All the specimens were saturated by dipping the specimen for 72 hours prior to taking the test. After 72 hours it was assumed that the specimen was saturated. Accordingly, the B parameter calculated was 0.96. During the consolidation stage with cell pressure held constant the drainage valve of triaxial test was kept open and the consolidation of the sample was allowed. The complete consolidation was assumed to happen once the water level in the burette which is connected to the drainage valve becomes constant. Thereafter the drainage valve was closed and the deviator stress was applied to a sample under undrained condition. The strain rate was set at 1.5 mm/min. The cell pressure during each test was kept as 78.48 kPa, 156.96 kPa and 313.92 kPa respectively. The test was conducted up to the strain of about 20%, unless the failure occurs earlier. The pore water pressure during the shearing of the specimen was not measured.
Results and Discussions

Compactio
The compaction results for the clay reinforced with untreated/treated coir fibres are shown in Table 3 . This table reveals that the optimum moisture content of the clay reinforced with treated and untreated coir fibres increases with the increases in the coir fibre content. The optimum moisture content of clay was 12.00%, which increased to 12.60%, 12.30% and 12.28%, respectively, when it was reinforced with 0.4% untreated, 0.4% NaOH and 0.4% CCl 4 treated coir fibres. The optimum moisture content further increased to 13.30%, 13.10% and 13.05%, respectively, when the clay was reinforced with 1.6% untreated, 1.6% NaOH and 1.6% CCl 4 treated coir fibres. The increase in the optimum moisture content of a specimen of clay reinforced with untreated and treated coir fibres can be attributed to the water absorption tendency of the coir fibres. Table 3 further reveals that the optimum moisture content of the clay specimen reinforced with NaOH and CCl 4 treated coir fibres is marginally smaller than clay reinforced with untreated coir fibres. This is attributed to the fact that the treatment with sodium hydroxide and carbon tetra chloride decreases the tendency of coir fibres to absorb water. The dry unit weight of the clay specimen reinforced with coir fibres decreases with increases in coir fibre content as evident from Table 3 . The dry unit weight of the clay was 18.6 kN/m³which decreased to 18.23 kN/m³, 18.34 kN/m³and 18.40 kN/m³respectively, when it was reinforced with 0.4% untreated, 0.4% NaOH treated and 0.4 % CCl 4 treated coir fibres. The dry unit weight further decreased to 18.10 kN/m³, 18.16 kN/m³, 18.20kN/m³respectively, when the clay was reinforced with 1.6% untreated, 1.6% NaOH treated and 1.6% CCl 4 treated coir fibres. Further, It should be noted from Table 3 that at a given fibre percentage, the dry unit weight of the clay reinforced with CCl 4 treated fibre specimens is marginally higher than the respective values for the clay specimen reinforced with NaOH treated coir fibre. The reason for a slight increase in the unit weight of the clay reinforced with CCl 4 treated coir fibre specimens can be attributed to better interaction of clay with fibre matrix as the surface cleaning of CCl 4 treated fibres are better as compared to NaOH treated fibres. More details on the compaction behaviour are available from [13] .
Stress Ratio
The stress strain behaviour of clay reinforced with different fibre percentages and at various confining pressures is indicated in Figs. 2, 3 and 4 respectively. The stress strain curve corresponding to unreinforced clay is also included in the respective plot for the sake of comparison. The results are presented in the form of stress ratio, which is a ratio of normalized stress to mean pressure, i.e. q / p, where q = (σ 1 -σ 3 ) and p = (σ 1 + 2σ 3 ) / 3. A study of Figs. 2 -4 indicates that for a given confining pressure the stress ratio for the reinforced soil specimen was higher as compared to unreinforced clay at all fibre percentages. This observation was consistent at all confining pressure. A further study of these figures reveals that the stress-strain curve for soil reinforced with NaOH treated and CCl 4 treated fibres plots above the curve corresponding to untreated fibres at any given confining pressure. This behaviour can be attributed to better interaction at soil-fibre interfaces due to treatment with NaOH and CCl 4 which cleans the fibre surface and exposing them for an effective interaction with clay.
Variations of Peak Deviator Stress Ratio with Fibre Content
The variation of the peak deviator stress ratio (defined as the ratio of the peak deviator stress of reinforced specimen to the unreinforced one) with a fibre percentage of different confining pressure is indicated in Table 4 . From Table 4 , it can be seen that at a given confining pressure, the peak deviator stress of the clay reinforced with untreated and treated coir fibres increases with increases in fibre content. The addition of 0.4% untreated, 0.4% NaOH treated and 0.4% CCl 4 treated coir fibres to the clay and at a confining pressure of 78.48 kPa, the peak deviator stress ratio were 1.49, 1.58, and 1.81 respectively. Further, at a confining pressure of 313.92 kPa, the peak deviator stress ratio increased to 2.36, 2.50 2.60 respectively with the addition of 1.6% untreated, 1.6 % NaOH treated and1.6% CCl 4 treated coir fibre to the clay. It should be noted that the peak deviator stress of the unreinforced clay at the confining pressure of 78.48 kPa, 156.96 kPa and 313.92 kPa was 132.55 kPa, 139.73 kPa and 163.27 respectively.
Variations of Cohesion and Friction angle with Fibre Percentage
As stated earlier, the pressure of pore water during the shearing of the specimen was not measured. Hence, only total stress shear strength parameters c and ϕ were computed. The variations of cohesion and friction angle with fibre percentage are shown in Fig. 5 and 6 respectively. From these figures it can be seen that the addition of untreated and treated coir fibres to the clay leads to increase the cohesion and friction angle. Initially, the cohesion and friction angle of the clay was 56.72 kPa and 3.58°respectively; with the addition of 0.4% untreated, 0.4% NaOH treated and 0.4% CCl 4 treated fibres to the clay, the cohesion increased to 86.52, 97.73 and 103.14 kPa respectively.
Similarly, the clay reinforced with 0.4% untreated, 0.4% NaOH treated and 0.4% CCl 4 treated fibres, showed the friction angles of 4.04°, 5.53°and 5.86°respectively. The paar cohesionfriction angle further increased up to 138.63 kPa and 6.21°, 140.55 kPa and 7.2°, and 140.23 kPa and 8.02°, respectively, as the content of untreated, NaOH treated, CCl 4 treated coir fibre in clay was increased to 1.6%. Addition of CCl 4 treated coir fibres to the clay resulted more improvement in cohesion and friction angle in comparison to NaOH treated coir fibres. This is attributed to the better cleaning of fibres with CCl 4 in comparison to NaOH leading to a better interaction between the clay and coir fibres.
Hyperbolic Stress-Strain Relationship
In order to predict the stress-strain response of soil a two parameter dependent [15] hyperbolic model was employed. This model is defined as
where, ε strain at failure σ 1 − σ 3 deviator stress at failure a and b are material constants
The inverse of parameter "a" and "b" yields the initial elastic modulus and ultimate strength respectively. Many researchers have found the validity of this relationship for various kinds of soils and rocks under various test conditions [16] . In order to assess its validity for clay reinforced with untreated/treated coir fibres, the present results have been analysed. These parameters are obtained by fitting a linear line on a plot of ε / σ 1 − σ 3 vs ε as obtained from the relevant experimental results. Typical linear plot of ε / σ 1 − σ 3 vs ε for the clay and clay reinforced with 1.6% untreated, NaOH and CCl 4 treated coir fibres is shown in Fig. 7 . The back predicted stress-strain curves along with the respective experimental results for few selected values of confining pressure and fibre content are indicated in Figs. 8 -14 . From these figures it can be observed that the predicted stress-strain curves are in good agreement with the experimental observations for both unreinforced clay and clay reinforced with untreated/treated fibres.
Further, [17] reported that coir Geotextiles retained 20% of their original tensile strength after one year when placed in incubator in high fertile soil. It was further reported that coir remained undamage after 167 days into shower room. The loss in strength of a coir rope after placing for 10 months in pulverized ash was 20% [18] . Coir degrades at a faster rate in sand having high organic content followed by clay with high organic content and finally saturated soft clay, where the degradation was the least [19] .
It was further reported by [19] that the overall life of coir is more than two/three years and brown coir degrades (about 20% in 7 months) at a faster rate than white coir (about 10% in 7 months). Thus the untreated/treated coir fibres in clay matrix have adequate durability and can be used in short term stability related problems. 
Conclusions
This study examined the effect of untreated/treated coir fibres on the shear strength behaviour of the clay reinforced with 0.4%, 0.8% and 1.6% fibre content. The results have shown that the shear strength behaviour of the clay reinforced with coir fibres can be improved by treating with sodium hydroxide and carbon tetrachloride. The study brings forth the following conclusions:
1 The peak deviator stress of the clay reinforced with coir fibres can be significantly improved with the treatment with NaOH and CCl 4 . Period. Polytech. Civil Eng.
